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I.  INTRODUCTION 

Potentiometers  are  being  used  extensively  in  electrical  measure- 
ments in  which  the  precision  required  is  higher  than  can  be 
obtained  by  the  use  of  deflection  instruments.  With  a  potentio- 
meter and  a  standard  cell,  electromotive  forces  are  measured 
directly.  By  the  use  of  a  standard  resistance  in  connection 
with  the  potentiometer  and  standard  cell,  measurements  may 
be  made  from  which  the  current  or  power  may  be  calculated. 
If  in  addition  the  time  is  measured  we  have  data  from  which  the 
energy  may  be  calculated. 

In  general,  potentiometers  are  constructed  very  much  like 
other  resistance  apparatus.  They  are  made  up  of  a  number  of 
coils  of  wire  of  various  resistances  connected  in  various  ways. 
Dial  switches,  plugs,  or  sliding  contacts  are  provided  to  make 
the  necessary  changes  in  the  connections  to  the  various  coils. 
The  coils  are  usually  made  of  manganin  wire  and  are  adjusted 
so  that  the  resistances  are  nearly  proportional  to  the  readings  of 
the  dials. 
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In  measuring  electromotive  forces  (or  potential  differences) 
with  a  potentiometer,  the  ratio  of  the  unknown  electromotive 
force  to  the  known  electromotive  force  is  determined  from  the 
ratio  of  two  resistances,  which  during  the  measurement  carry  a 
current.  (See  Fig.  i.)  The  drop  in  potential  in  one  resistance, 
Rs,  is  made  equal  to  the  known  electromotive  force,  5,  usually  by 
adjusting  the  current,  /,  the  equality  or  balance  being  indicated 
by  a  zero  deflection  of  the  galvanometer.     This  gives 

S  =  RJ 

The  other  resistance  Re  is  adjusted  so  that  its  drop  of  potential 
balances  the  unknown  electromotive  force  E.     This  gives 


Therefore 


E  =  RJ 
E=SRe/Ra 
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-Connections  for  comparing  two  electromotive  forces  by  potentiometer  method 


The  test  therefore  consists  in  making  such  measurements  as 
are  necessary  for  the  determination  of  the  ratio  of  Re  to  R3  for  all 
settings  of  both  Re  and  Rs. 

When  a  potentiometer  is  used  in  conjunction  with  a  standard 
resistance  and  standard  cell  for  determining  the  current  or  power, 
the  measurement  with  the  potentiometer  is  in  reality  that  of  a 
potential  difference.  The  test  just  referred  to  is  therefore  all 
that  is  required. 
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The  resistance  of  the  coils  is  not  always  accurately  adjusted, 
nor  does  it  remain  constant  but  changes  somewhat  with  time. 
The  greatest  change  occurs  within  one  year  after  construction 
and  may  amount  to  as  much  as  several  hundredths  per  cent. 
Later  the  changes  seldom  amount  to  as  much  as  one  hundredth  per 
cent  during  a  year,  in  well-constructed  potentiometers.  Therefore 
potentiometers  which  are  to  be  used  in  measurements  of  high 
precision  *  should  be  calibrated  occasionally,  especially  during 
the  first  few  years.  If  this  is  done  and  the  corrections  applied, 
errors  on  account  of  lack  of  adjustment  of  the  coils  or  on  account 
of  changes  in  their  resistance  can  be  eliminated. 

A  number  of  potentiometers  are  tested  each  year  at  the  Bureau 
of  Standards.  These  include  potentiometers  tested  for  manufac- 
turers, public-service  companies,  educational  institutions,  the 
State  governments  and  various  departments  of  the  National 
Government.  Potentiometers  of  the  Feussner  2  type  (see  Fig.  2) 
and  Crompton 3  (or  slide  wire)  type  (see  Fig.  5)  are  the  more 
usual,  but  occasionally  potentiometers  of  the  Raps  4  type  or  poten- 
tiometers of  the  split  circuit 5  type,  usually  designed  for  use  with 
thermocouples,  are  tested.  The  testing  of  these  required  a  con- 
siderable amount  of  work  on  account  of  its  having  been  necessary 
to  make  several  kinds  of  measurements  on  each  potentiometer 
and  to  use  different  methods  for  different  types  of  potentiometers. 
For  this  reason  the  testing  of  potentiometers  has  received  special 
consideration. 

The  purpose  of  this  paper  is  to  bring  to  the  attention  of  students 
and  users  of  potentiometers  work  done  at  the  Bureau  of  Standards 
in  connection  with  the  testing  of  such  apparatus.  To  do  this  we 
shall  (a)  discuss  the  theory  of  the  potentiometer  in  such  a  way  as 
to  show  the  corrections  which  must  be  applied  if  results  of  a  high 
accuracy  are  to  be  obtained,  (b)  describe  briefly  methods  and 
arrangements  used  in  testing  potentiometers,  and  (c)  describe 
apparatus  designed  for  and  used  in  testing  potentiometers. 

1  That  is,  where  the  accuracy  is  i  in  10  ooo  or  better. 

2  Zs.  f.  Irtstrk.,  10,  p.  113;  1890. 

3  Electrician,  London,  31,  p.  32;  1893. 

4  Eektrotech.  Zs.  15,  p.  215;  1895. 

6  Diesselhorst:  Zs.  f.  Instrk.,  26,  p.  173-297,  1906;  28,  p.  1;  1908. 
White:  Phys.  Rev.,  25,  p.  334;  1907. 
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2.   THEORY  AND   CORRECTIONS   OF  POTENTIOMETERS 

Any  potentiometer  can  be  considered  to  be  a  system  or  network 
of  conductors  having  three  6  pairs  of  terminals.  The  battery  or 
other  means  of  supplying  a  current,  /,  to  the  potentiometer  is 
connected  to  one  pair,  the  /-terminals;  the  known  or  standard 
electromotive  force  is  connected  to  the  second  pair,  the  5- terminals ; 
and  the  unknown  electromotive  force  is  connected  to  the  third 
pair,  the  E- terminals.  The  current  /  flowing  through  the  resist- 
ance of  the  potentiometer  causes  a  difference  in  potential,  E, 
between  the  ^-terminals  and,  S,  between  the  S-terminals.  The 
ratio  of  E  to  /  is  equal  to  the  resistance  Re  and  the  ratio  of  5  to  / 
is  equal  to  the  resistance  Rs. 

The  resistance  between  the  battery  terminals,  the  total  resistance 
of  the  potentiometer,  is  designated  by  the  letter  T.  By  manipu- 
lation of  the  various  switches,  Re  and  R8  can  be  changed  but  the 
total  resistance  T  remains  approximately  constant  and  would 
remain  constant  if  the  potentiometer  were  mechanically  perfect 
and  correctly  adjusted. 

In  comparing  two  electromotive  forces,  one,  whose  value  is 
usually  known  and  which  we  shall  call  S,  is  connected  to  the  5- 
terminals  and  either  the  resistance  R8  or  the  current  /  adjusted 
so  that 

RJ=S, 

then  the  other  electromotive  force,  usually  of  an  unknown  value 
and  which  we  shall  call  E,  is  connected  to  the  ii -terminals  and  the 
resistance  Re  adjusted  so  that 

RJ'-E. 
Therefore  E = SRJ'/RJ,  (2) 

which  differs  from  the  simple  case  considered  above  in  that  the 
total  current  through  the  potentiometer  is  not  necessarily  the 
same  when  the  two  balances  are  made.  In  order  to  express  the 
value  of  E  in  volts  it  is  therefore  necessary  to  know  the  value  of 
the  ratio  RJ'jRJ  and  the  value  of  5  in  volts. 

6  For  convenience  a  switch  and  a  fourth  pair  of  terminals  are  provided  for  connecting  a  galvanometer 
either  into  one  of  the  leads  to  the  E-terminals  or  into  one  of  the  leads  to  the  S-terminals.  In  some  cases 
more  than  one  pair  of  Zi-terminals  are  provided  and  in  other  cases  in  effect  theZs-terminals  and  S-terminals 
are  identical.     (Seep.  10.) 
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The  value  of  5  is  determined  by  comparison  with  the  electro- 
motive force  of  Weston  Normal  Cells  set  up  according  to  definite 
specifications ;  but  as  the  standard  cell  constitutes  no  part  of  the 
potentiometer  it  need  not  be  considered  further  here.  What  we 
shall  be  concerned  with,  then,  is  the  determination  of  the  ratio 
of  RJf  to  RJ.  A  complete  calibration  consists  in  the  determi- 
nation of  this  ratio  for  all  possible  values  of  both  Re  and  Rs. 

In  most  potentiometers  the  total  resistance  is  nearly  independ- 
ent of  the  value  of  both  Re  and  Ra,  so  that  if  the  conditions  in 
the  external  battery  circuit  are  constant  the  current  will  be 
nearly  constant.  In  any  case  the  ratio  I'/I  is  nearly  unity  and 
depends  only  slightly  on  the  values  of  Re  and  Rs,  so  we  can  say 

r/i  =  i+h  (3) 

where  h    is  a  small   correction,  which   is  different   for  different 
values  of  Re  and  Rs.     Therefore 

E=SRe(i+h)/RB  (4) 

If  the  electromotive  force  of  the  source  supplying  the  current 
is  constant,  we  have 

r.'jr^+R 

I     Te+R 
or 


(5) 


*-%S  (6) 

where  Ts  is  the  total  resistance  of  the  potentiometer  at  the  first 
balance  and  Te  is  the  total  resistance  of  the  potentiometer  at  the 
second  balance  and  R  is  the  resistance  external  to  the  potentiom- 
eter. 

In  many  cases,  for  example  potentiometers  of  the  Crompton 
type,  it  will  be  evident  from  the  construction  that  the  total 
resistance  is  constant.  In  other  cases,  where  when  a  dial  switch 
is  changed  by  one  step  a  resistance  is  removed  from  one  part  of 
the  circuit  and  another  resistance  inserted  in  another  part  of  the 
circuit  for  the  purpose  of  keeping  the  total  resistance  constant,  a 
few  measurements  of  the  total  resistance  for  certain  values  of  Re 
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and  Rs  will  be  required.  If  these  show  that  h  is  negligibly  small7 
for  all  values  of  both  Re  and  Rs,  the  potentiometer  is  said  to  be 
compensated. 

In  such  a  case  the  ratio  ReI'  to  RJ  is  equal  to  the  ratio  of  Re 
to  Rs.  Compensation,  therefore,  makes  the  apparatus  much  easier 
to  calibrate,  as  well  as  much  more  convenient  to  use.  From  this 
point  on,  unless  the  matter  is  specifically  mentioned,  we  shall 
assume  that  the  potentiometer  under  consideration  is  compen- 
sated. 

The  resistances  Re  and  Rs  are  usually  varied  by  the  manipula- 
tion of  three  sets  of  switches,  which  may  be  of  various  forms, 
including  plugs  and  contacts  on  a  slide  wire.  These  three  sets 
may  be  called  the  ^-switches,  the  ^-switches,  and  the  /-switches 
(range  or  factor  switches),  and  we  shall  call  the  reading  corre- 
sponding to  their  settings  e,  s,  and  /. 

The  £- switches  change  the  value  of  Re  over  a  large  range,  the 
^-switches  change  the  value  of  Rs  usually  over  a  small  range,  and 
the  /-switches  change  the  value  of  Re  or  RSy  or  both,  by  a  factor, 
usually  .1  or  10. 

If  the  resistance  Re  is  independent  of  the  reading  s,  if  the 
resistance  Rs  is  independent  of  the  reading  e,  and  if  a  change  in 
the  reading  /  changes  the  ratio  of  Re  to  Rs  corresponding  to  any 
reading  of  e  and  of  j  by  the  same  proportional  amount  as  that 
corresponding  to  any  other  reading  of  e  and  of  s,  as  is  usually  the 
case  (even  in  potentiometers  which  are  not  completely  compen- 
sated), then  all  possible  values  of  the  ratio  of  Re  to  Rs  can  be 
determined  from  a  number  of  measurements  equal  to  the  number 
of  possible  readings  of  the  e- switches  plus  the  number  of  possible 
readings  of  the  ^-switches  plus  the  number  of  possible  readings  of 
the  /-switches.  It  will  therefore  be  convenient  to  introduce  into 
our  equation  expressing  the  relation  between  the  unknown  and 
known  electromotive  force  three  corrections,  one  for  each  of  the 
readings  e,  s,  and  /. 

The  e -switches  are  regularly  so  marked  that  the  reading  e  is 
approximately  proportional  to  the  resistance  Re  so  we  may  write 

Re=K(e  +  a)  (7) 

7  In  precision  measurements,  an  error,  to  be  negligibly  small,  must  usually  be  less  than  i  in  10  ooo  and 
in  some  eases  less  than  i  in  ioo  ooo. 
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where  K  is  a  constant  and  a  is  a  small  correction  depending  upon 
the  reading  e. 

Also  the  ^-switch  is  so  marked  that  the  readings  is  approximately 
proportional  to  the  resistance  Rs  so  we  may  write 

RB=K's(i-b)  (8) 

where  K'  is  a  constant  which  may  or  may  not  be  the  same  as  K  and 
b  is  a  small  correction.     We  therefore  have 

E-^£(*+bKe+a)  (9) 

s  K' 

Here  and  in  the  equations  which  follow  we  neglect  the  second 
and  higher  powers  and  products  of  all  small  quantities. 
Now  if  we  let 

K/K'=f(i+d)  (10) 

where  /,  the  reading  of  the  range  or  factor  switches  is  a  simple 
number,  usually  an  integral  power  of  ten,  and  d  is  a  correction 
which  is  small  in  potentiometers  of  good  design  and  construction, 
we  have 

E  =  f(i+b+d)(e  +  a)S/s  (11) 

In  potentiometers  having  only  one  range  there  is  no  range  or 
factor  switch  to  be  read,  consequently  a  value  for  /  must  be 
supplied.  This  value  is  always  to  be  taken  as  the  nominal  number 
of  volts  per  unit  of  the  reading  e.  Thus,  for  a  potentiometer  in 
which  the  reading  e  gives  the  resistance  Re  in  ohms  the  value  of  / 
to  be  supplied  is  the  nominal  number  of  volts  per  ohm.  A  better 
arrangement  in  this  case  would  be  to  choose  the  unit  of  the  reading 
e  so  as  to  make  /  unity,  in  which  case  the  reading  e  is  in  volts. 

In  some  cases  it  may  not  be  possible  to  make  the  reading  s 
equal  to  the  value  5  of  the  known  electromotive  force.  It  is 
therefore  necessary  to  introduce  a  correction  c  which  may  be 
defined  by  the  equation 

S/s=i+c  (12) 

so  we  have 

E  =  f(i+b+c  +  d)(e  +  a)  (13) 

Some  potentiometers  are  not  provided  with  ^-switches  and  the 
difference  between  the  value  of  the  known  (or  standard)  electromo- 
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tive  force  and  the  standard  cell  value  for  which  the  potentiometer 
is  adjusted  may  be  fairly  large.  In  such  cases  the  correction 
c  is  of  importance  and  must  regularly  be  applied.  To  illustrate 
the  application  of  the  correction  c,  suppose  that  the  potentiometer 
has  no  standard  cell  dial,  but  is  adjusted  for  use  with  a  standard  cell 
whose  voltage  is  1.0185  and  we  wish  to  use  it  with  a  standard  cell 
whose  voltage  is  1.0190.     This  makes 

5  =  1 .01 90  volt  and  ^  =  1 .01 85  volt 
so 

_  1.0190—  1. 0185 


1.0185 


=  +  .0005 


Since  the  three  corrections  a,  b,  and  d  corresponding  to  any 
readings  e,  s,  and  /  are  in  effect  but  a  single  correction,  which 
when  applied  to  fe/s  gives  the  ratio  of  the  resistances  Re  to  R8, 
two  of  these  corrections  may  be  chosen  more  or  less  arbitrarily, 
providing  a  proper  value  is  assigned  to  the  third.  In  the  use  of 
the  potentiometer  the  corrections  are  more  conveniently  applied 
if  d  is  made  zero  for  that  reading  of  /  which  is  most  used  and  if  b  is 
made  zero  for  that  reading  s  which  is  most  used.  Ordinarily  8 
b  is  taken  as  zero  for  ^  =  1.0185  and  in  a  well-constructed  instru- 
ment this  usually  makes  b  negligibly  small  for  values  of  s  near 
1.0185.  In  this  way  the  entire  correction  for  the  readings  most 
used  is  included  in  a  and  is  therefore  easily  applied,  since  it  is 
added  directly  to  the  reading  e. 

The  reading  e  is  that  corresponding  to  the  settings  of  the 
e-switches  (dial  switches  or  dial  switch  and  slide  wire).  Since 
each  of  the  e-switches  changes  Re  by  amounts  approximately 
proportional  to  changes  in  their  readings  we  can  say  that 

e  =  ex  +  e2  +  e3+etc.  (14) 

where  et  is  the  reading  of  the  first  switch,  i.e.,  the  one  which  changes 
Re  in  the  largest  steps,  e2  is  the  reading  of  the  second  switch,  i.  e., 
the  one  which  changes  Re  in  the  next  largest  steps,  etc.  If  the 
change  in  resistance  Re  corresponding  to  a  change  in  reading  of 

8  The  reason  for  choosing  1.0185  is  that  the  electromotive  force  of  the  Weston  Normal  Cell  at  20°C.  is 
1. 0183  and  that  of  the  Weston  unsaturated  or  portable  cell  is,  on  the  average,  about  1.0187  volt. 
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any  one  of  the  switches  is  independent  of  the  readings  of  all  of 
the  other  switches9,  as  it  usually  is,  we  can  say  that 

a  =  a1  +  a2  +  a3  +etc.  (15) 

where  at  depends  upon  the  reading  ely 
where  a2  depends  upon  the  reading  e2, 
where  a3  depends  upon  the  reading  e3,  etc. 

We  may  therefore  write  the  complete  formula,  expressing  the 
value  of  the  unknown  electromotive  force  in  terms  of  the  read- 
ings of  the  potentiometer  and  corrections,  as  follows : 

E  =  f  [(ei  +  Gi)  +(e2+a2)  +  03+a3)  +etc]  (1  +b+c  +  d).     (16) 

Here  /  is  the  reading  of  the  range  switch  and  d  is  its  correction; 
et  is  the  reading  of  the  first  dial  and  ax  is  the  correction  to  this 
reading ;  e2  is  the  reading  of  the  second  dial  and  a2  is  its  correction ; 
e3  is  the  reading  of  the  third  dial  and  a3  is  its  correction,  etc. ;  b  is  a 
correction  to  be  applied  on  account  of  errors  in  the  adjustment  of 
the  resistance  Rs;  and  c  is  the  amount  in  proportional  parts  by 
which  the  known  electromotive  force  exceeds  the  reading  s  (either 
the  reading  of  a  standard  cell  dial  switch,  or  the  standard  electro- 
motive force  for  which  the  potentiometer  is  adjusted). 

In  the  case  of  potentiometers  of  the  Crompton  type  the  reading 
e2  is  that  corresponding  to  a  setting  of  the  contact  on  the  slide 
wire.  In  such  instruments  usually  100  or  1000  divisions  of  the 
slide  wire  are  equivalent  to  a  step  of  the  dial  switch.  If  a  reading 
of  1000  on  the  slide  wire  is  equivalent  to  a  reading  of  0.1  on  the 
dial  (as  is  the  case  with  the  Leeds  and  Northrup  potentiometer) , 
we  must  consider  that 

e  =  e1  +  .oooi<?2.  (17) 

Since  alf  a2,  and  a3,  etc.,  for  any  particular  reading,  are  in  effect 
a  single  correction,  it  is  possible  to  choose  all  but  one  arbitrarily 
if  the  proper  value  is  given  to  the  one.  It  has  been  found  con- 
venient to  choose  a2,  a3,  etc.,  zero  for  the  reading  e  =  o. 

In  some  potentiometers  it  is  necessary  to  change  the  /  reading 
after  balancing  the  known  electromotive  force  and  before  balancing 
the  unknown  electromotive  force.     In  this  case  the  second  reading 

9  This  is  not  necessarily  the  case  in  potentiometers  in  which  the  Kelvin- Varley  shunt  scheme  is  used, 
nor  in  split  circuit  potentiometers  unless  the  adjustment  is  very  good. 
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of  /  divided  by  the  first  reading  of  /  usually  gives  the  value  of  / 
to  be  used. 

In  general  equation  (16)  applies  only  in  case  the  potentiometer 
is  compensated,  but  if  the  known  and  unknown  electromotive 
forces  can  be  balanced  without  changing  any  of  the  e,  s,  or 
/-switches  between  balances,  or  if  the  balances  can  be  made  simul- 
taneously, the  corrections  just  considered  are  all  that  are  necessary 
even  though  the  potentiometer  is  not  compensated. 

However,  as  a  matter  of  convenience,  it  is  desirable  that  potentio- 
meters be  compensated  so  that  changes  in  the  settings  of  the  dials 
do  not  change  the  total  resistance  by  an  appreciable  amount. 
Should  there  be  a  decided  lack  of  compensation,  the  simul- 
taneous balance  of  both  electromotive  forces  could  be  made 
only  by  successive  approximations  since  an  adjustment  of  Re 
to  balance  against  E  would  change  the  current  and  thus  disturb 
the  balance  against  the  known  electromotive  force  and  then  a 
change  in  current  to  reestablish  this  balance  would  disturb  the 
balance  against  the  unknown  electromotive  force. 

In  some  potentiometers  the  known  and  unknown  electromotive 
forces  are  in  effect  alternately  connected  to  the  same  terminals 
so  that  the  s  and  e-switches  are  identical.     In  this  case 

RS=K  (e8  +  ae)  instead  of  Kfs{i  —  b) 

so  that  h=  —ajes  and  formula  (13)  becomes 

E  =  /  (1  -  ae/es  +  c  +  d)  (e  +  a)  (18) 

This  formula  10  applies  only  if  the  potentiometer  is  compensated. 
In  general  then  the  test  of  a  potentiometer  consists  in  deter- 
mining the  corrections  au  a2,  a3,  etc.,  b  and  d  for  all  possible  read- 
ing of  s,  f,  elf  e2,  e3,  etc.  In  the  case  of  a  5 -dial  potentiometer 
(5  e-dial  switches  each  having  10  steps  or  1 1  points)  if  the  ^-dial 
switch  has  20  points  (19  steps)  and  if  there  are  two  ranges  or  two 
readings  for  /,  the -total  number  of  corrections  is  77.  In  this  case 
the  possible  number  of  settings  of  the  ratio  Re  to  Rs  or  readings 
of  the  potentiometer  is  6  442  040  to  each  of  which  the  correction 
to  be  applied  is  obtained  from  the  77  corrections,  one  for  each 
reading  of  each  of  the  switches. 

10  If  there  is  no  factor  switch,  or  if  its  reading  is  the  same  for  both  balances,  then/=  i  and  d—o. 
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3.    METHODS   OF  TESTING 

Since  the  test  of  a  potentiometer  must  give  the  corrections 
to  be  applied  to  the  readings  to  give  the  values  of  the  electromotive 
forces  measured,  a  simple  and  direct  method  is  to  use  another 
potentiometer  to  furnish  known  electromotive  forces.  If  these 
are  measured  by  means  of  the  potentiometer  to  be  tested  the 
corrections  can  be  readily  calculated.  This  method  requires  a 
potentiometer  which  has  been  previously  calibrated  and  requires 
that  two  currents  (one  in  each  potentiometer)  be  maintained 
constant.  For  these  reasons  this  method  has  been  little  used 
in  the  Bureau  of  Standards,  though  it  has  the  advantage  of 
giving  the  corrections  directly  and  under  operating    conditions. 

The  method  commonly  used  is  to  measure  the  relative  values 
of  the  component  resistances  of  the  apparatus  and  from  these 
to  calculate  the  corrections.  For  the  measurement  of  the  rela- 
tive values  of  the  resistances  a  bridge  is  almost  always  used. 
Some  of  the  bridge  arrangements  which  have  been  used  by  the 
authors  are  described  below. 

The  ratio  of  the  resistances  R6  and  R8  can  be  determined  either 
by  direct  measurement  or  by  calculation  from  the  measurement  of 
the  component  parts;  that  is,  the  individual  resistance  coils  or 
sections.  To  measure  the  resistances  Re  and  R8  directly  requires 
apparatus  whose  corrections  are  known  to  an  accuracy  at  least 
as  high  as  that  sought  in  the  calibration  of  the  potentiometer.  If 
Re  and  Rs  are  to  be  calculated  from  the  values  of  their  component 
resistances,  the  more  important  measurements  should  be  compari- 
sons of  nearly  equal  resistances .  We  are  therefore  mainly  concerned 
with  the  small  differences  between  the  different  steps  or  coils  so  in 
general  it  is  not  necessary  that  we  know  accurately  the  corrections 
to  the  readings  of  the  apparatus  used  in  making  the  measurements. 
Good  apparatus  for  which  the  corrections  were  sufficiently  well 
known  to  permit  of  measuring  Re  and  Rs  directly  has  not  always 
been  available.  In  general  it  has  been  our  aim,  therefore,  to  use 
such  arrangements  as  will  give  the  corrections  to  the  readings  of 
the  potentiometer  to  an  accuracy  higher  than  that  to  which  the 
corrections  for  the  apparatus  used  in  making  the  test  are  known. 
Some  of  the  arrangements  may  therefore  be  suitable  for  use  in 
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those  laboratories  in  which  there  is  but  a  small  amount  of  accu- 
rately adjusted  or  calibrated  resistance  apparatus.  x 

Feussner  Type. — The  connections  of  a  potentiometer  of  the 
Feussner  type  as  improved  by  Brooks  and  made  by  O.  Wolff  are 
shown  diagrammatically  in  Fig.  2.  The  relative  values  of  the  1000 
and  100-ohm  coils  in  the  first  and  second  decades  are  measured  in 
a  Wheatstone  bridge  using  the  substitution  method.  If  1000  and 
100-ohm  resistance  standards  whose  corrections  are  accurately 
known  are  available,  they  should  be  included  in  the  measurements 


Fig.  2 . — Diagram  of  Wo  Iff  po  tentiometer 

of  the  1000  and  100-ohm  sections  of  the  potentiometer.  In  this 
method  the  coils  are  connected  successively  in  the  same  arm  of  the 
bridge  and  the  changes  in  the  setting  of  the  bridge  necessary  to 
reestablish  the  balance  are  noted.  The  connections  to  the  coils  are 
made  through  flexible  leads  attached  to  the  contact  blocks  by 
means  of  screws.  If  care  is  taken  in  making  the  screw  connections 
the  total  connection  resistance  will  be  sufficiently  constant,  so  that 
the  changes  in  setting  of  the  bridge  will  represent  differences  in 
the  resistances  of  the  coils.  Since  these  differences  are  small  the 
relative  values  of  the  resistances  may  be  determined  to  a  high 
accuracy  with  but  a  limited  knowledge  concerning  the  other 
resistances  in  the  bridge. 
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In  order  to  get  the  relative  values  of  all  of  the  coils,  2 1000  ohms 
(i.  e.,  1000  ohms  resistance  made  up  from  the  100,  10,  1,  and 
.i-ohm  coils)  is  measured  along  with  the  iooo-ohm  coils,  also  2 100 
ohms,  made  up  from  the  10,  1,  and  .i-ohm  coils,  is  measured 
along  with  the  100-ohm  coils.  The  10,  1,  and  .i-ohm  coils  are 
measured  in  a  Wheatstone  bridge  in  the  ordinary  manner;  that  is, 
the  three  decades  are  connected  into  a  Wheatstone  bridge  and  the 
total  resistance  corresponding  to  the  various  settings  of  the  dials 
measured.  From  the  resistance  corresponding  to  the  different 
readings  it  is  necessary  to  subtract  the  resistance  found  with  the 
three  dials  set  at  zero.  The  odd  part  of  the  resistance  across  which 
the  standard  cell  is  balanced  is  also  measured  in  a  Wheatstone 
bridge  in  the  ordinary  manner. 

In  the  10,  1,  and  .i-ohm  decades,  double  dials  with  compensat- 
ing coils  are  used  to  maintain  a  constant  total  resistance.  In 
checking  the  constancy  of  the  total  resistance  all  the  coils  except 
those  in  the  three  double  decades  are  short  circuited  and  the  total 
resistance  corresponding  to  the  various  settings  of  the  double 
dials  is  then  measured  in  a  Wheatstone  bridge.  It  will  be  noted 
that  in  all  cases  where  measurements  depend  directly  upon  the 
accuracy  of  the  bridge  the  quantity  measured  is  less  than  2  per 
cent  of  R8  or  less  than  2  per  cent  of  Re  when  ex  =  5000  or  more. 

Besides  the  resistance  in  the  various  decades  there  may  be  an 
appreciable  resistance  in  .the  connections  between  them,  which 
would  require  a  correction  to  be  applied  when  the  potentiometer 
was  set  to  read  zero.  In  this  case  ax  for  ex  =  0  is  the  resistance  Re 
when  elt  e2,  e3}  etc.,  each  equals  zero.  To  determine  this  correc- 
tion, which  usually  is  small,  the  potentiometer  is  connected  as  it 
is  in  use,  except  that  the  ^-terminals  are  short-circuited  and  a 
switch  is  included  in  the  connection  to  the  battery.  When  the 
^-switches  all  read  zero,  on  closing  the  switch  to  the  battery  there 
will  be  a  deflection  of  the  galvanometer  depending  upon  the 
magnitude  of  Re  and  the  magnitude  of  the  test  current.  The 
resistance  Re  is  then  obtained  by  comparing  this  deflection  with  the 
change  in  the  deflection  produced  by  changing  the  setting  by 
a  small  amount  (say  one  step  on  the  lowest  dial) .  Since  the  con- 
nections between  the  various  decades  include  several  switches,  the 
68976°— 14 2 
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constancy  of  this  correction  is  a  measure  of  the  reliability  of  the 
dial  switches. 

A  modification  of  the  Carey-Foster  method  has  also  been  used 
in  measuring  the  iooo  and  ioo-ohm  coils.  With  the  connections 
as  shown  in  Fig.  3a  and  with  the  galvanometer  connected  to  gx  a 
balance  is  made  by  changing  either  of  the  nearly  equal  ratio  arms 
A  or  B.  Then  with  the  standard  5  and  the  link  L  interchanged 
and  the  galvanometer  connected  to  g2  a  second  balance  is  made  by 
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Fig.  3. — Connections  for  comparing   resistances  of  .conductors  connected  in  series   by 
modified  Carey-Foster  method 

an  adjustment  of  A  or  B.     If  r  is  the  increase  in  the  value  of  the 
ratio  of  A  to  B  then n  we  have 


X  =  (S-L)  (i+r) 
With  the  connections  as  shown  in  Fig.  36 


X  =  (S-L) 


H) 


(19) 


(20) 


With  this  latter  connection  the  adjacent  1000  or  ioo-ohm  coil  is  in 
the  galvanometer  circuit.     By  substituting  one  coil  after  another 

11  Equations  (19)  and  (20),  although  not  exact,  give  very  accurate  results  if  the  coils  in  the  potentiometer 
are  nearly  equal  to  S—L  and  the  connecting  resistances  are  small  compared  with  the  resistance  of  one  coil. 
As  the  method  has  been  used  the  errors  have  seldom  amounted  to  more  than  0.001  per  cent. 
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at  X  various  values  of  r  are  obtained  from  which  the  relative  values 
are  directly  obtained  without  an  accurate  knowledge  of  the  value 
ofS-L. 

Another  method  of  measuring  a  number  of  nearly  equal  coils 
connected  in  series  has  been  used.  The  connections  are  as  shown 
in  Fig.  4.  The  bridge  is  balanced  by  adjusting  A  or  B,  (1)  with  the 
battery  connected  at  bx  and  b^,  (2)  with  the  battery  connected  at 
b2  and  b'2,  (3)  with  ratio  coils  A  and  B  interchanged  and  the  battery 
connected  at  bx  and  b\,  and  (4)  with  ratio  coils  as  in  (3)  and  battery 
connected  at  b2  and  b'2.     From  the  observed  changes  in  the  ratio  of 

C  D  E 
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Fig.  4. — Connections  for  comparing   resistances   of  conductors  connected  in  series   by 
successive  ratio  method 

A  to  B  the  ratio  of  C  to  D  is  calculated.  In  a  like  manner  we 
obtain  the  ratio  of  D  to  E,  E  to  F,  etc.,  from  which  the  relative 
values  are  readily  calculated.  From  such  measurements  the  rela- 
tive values  of  all  the  resistances  of  the  first  and  second  dial  may  be 
obtained. 

From  the  relative  values  or  values  in  ohms  of  all  the  resistance 
sections  the  corrections  a1}  a2,  a3)  a4,  a5,  and  b  may  be  calculated. 
In  case  no  standard  resistances  are  used  (or  the  values  of  the 
standard  resistances  are  not  accurately  known)  it  is  generally 
convenient  to  proceed  with  the  calculation  in  the  following  way: 

1.  Subtract  from  the  values  found  for  the  different  sections  of 
the  first  (or  main)  dial  such  a  value  as  will  make  the  mean  remain- 
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der  for  all  approximately  zero,  or  better,  the  mean  remainder  for 
the  10  sections  included  in  Rs  equal  to  zero.  This  gives  a  series 
of  corrections  to  the  different  sections  which  are  smaller  the  better 
the  sections  are  adjusted.  The  value  of  Re  when  elf  e2)  e3}  e±, 
and  eh  are  each  zero  is  the  value  of  al  for  ex  =  o.  If  to  this  we  add 
the  correction  to  the  first  section  we  have  the  value  a1  for  et  =  iooo. 
If  to  the  value  of  at  for  et  =  iooo  we  add  the  corrections  to  the 
second  section  we  have  the  value  of  at  for  e1  =  2000.  If  to  this 
we  add  the  correction  to  the  third  section  we  have  the  value  of 
at  for  e1  =  3000.  In  a>  like  manner  the  values  of  ax  for  e1  =  4000, 
5000,  6000,  etc.,  are  obtained. 

2.  Subtract  from  the  values  found  for  the  different  sections  of 
the  second  dial  (including  2 100)  a  value  such  as  will  make  the 
sum  of  the  values  for  those  sections  used  to  make  up  2 iooo  equal 
to  the  correction  found  in  (1)  for  Si 000.  This  gives  a  series  of 
corrections  the  first  of  which  is  a2  for  e2  =  100;  the  sum  of  the  first 
and  second  is  a2  for  e2  =  200;  the  sum  of  the  first,  second,  and  third 
is  a2  for  e2  =  300,  etc.  For  e2  =0,  a2  is  zero,  since  the  correction  for 
e2}  e3,  ei}  and  e5  each  equal  to  zero  is  included  in  ax  for  ex  =0. 

3.  If  the  value  found  by  measuring  2 100  directly  is  in  good  agree- 
ment with  the  value  found  in  (2) ,  we  may  consider  that  the  units 
of  resistance  of  the  bridge  and  of  the  potentiometer  are  substan- 
tially equal.  In  this  case  the  values  of  a3,  a4,  and  a5  may  be 
obtained  directly  by  subtracting  the  corresponding  readings  of 
e3}  ei}  and  e5  from  the  values  of  the  resistances  as  measured  with 
the  bridge.  Care  should  be  taken  to  see  that  the  value  of  Re 
with  e3)  e4,  and  e5  each  equal  to  zero  is  first  subtracted  from  the 
measured  values  as  has  been  pointed  out  above.  (See  p.  13.) 
In  case  the  value  of  2 100  as  obtained  directly  with  the  bridge  is 
not  in  good  agreement  with  the  value  as  obtained  in  (2),  all  values 
obtained  with  the  bridge  should  be  multiplied  by  the  ratio  of  the 
latter  to  the  former  before  subtracting  to  obtain  a3%  a4,  and  a5. 

4.  Subtract  from  the  values  found  for  the  resistance  between 
the  highest  point  on  the  first  dial  and  the  various  points  on  the 
standard  cell  dial  183  for  s  =  1.0183,  184  for  ^  =  1.0184,  185  for 
^  =  1.0185,  etc.  This  gives  a  series  the  successive  terms  of  which, 
when  added  to  the  sum  of  the  corrections  to  the  10  sections  of 
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the  first  dial  which  are  included  in  R3)  are  corrections  pertaining 
to  the  corresponding  readings  of  s.  Dividing  each  term  by  10  000- 
Xs  and  changing  the  sign  gives  a  series  the  different  terms  of 
which  are  the  values  of  b  corresponding  to  the  readings  s. 

If  1000  and  100-ohm  resistance  standards,  whose  corrections 
are  accurately  known,  are  used  we  have  data  which  so  far  we 
have  not  considered.  This  data  may  be  used  (a)  as  a  check  on 
the  ratio  of  the  mean  value  of  the  1000-ohm  sections  to  the  mean 
value  of  the  100-ohm  sections  as  determined  by  use  of  Si 000 
measurement,  or  (6)  to  determine  the  value  of  resistance  of  the 
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Fig.  5. — Diagram  of  Leeds  and  Northrup  potentiometer 

1000  and  100-ohm  sections  in  ohms.  If  the  values  in  ohms  of  the 
different  sections  are  known,  the  corrections  alt  a2,  a3,  a4,  and 
a5  are  obtained  by  subtracting  the  readings  elf  e2,  e3,  e4y  and  e5 
from  the  values  of  the  corresponding  resistances  and  the  correc- 
tion b  is  obtained  by  subtracting  from  the  reading  s  the  value  of 
the  resistance  RB  and  dividing  the  remainder  by  10  000  Xs. 

As  has  been  pointed  out  above  (p.  8)  it  is  desirable  to  make  the 
correction  b  zero  for  that  setting  of  the  standard  cell  dial  most 
used.  The  first  method  outlined  above  for  calculating  the  cor- 
rections usually  makes  b  small  while  the  second  may  not.  It 
may  therefore  be  desirable  to  replace  this  set  of  corrections  by  a 
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new  set  in  which  b  is  zero  for  ,9  =  1.0185  (or  some  other  chosen 
value).     If  the  new  set  is  a\,  a'2,  a's,  a'4,  a\  and  b' 


b'  =6-61>0185 
a  1  =  a1  +^iO1.0185 

a   2  =  <3<2     1    ^2^1*0185 
^  3  =  ^3  "T"  ^3^1-0185 

etc.12 


(21) 
(22) 


Crompton  Type. — A  diagram  of  the  connections  of  a  potenti- 
ometer of  the  Crompton  type  as  made  by  the  Leeds  &  Northrup 

X  C  D 
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Fig.  6. — Connections  for  comparing  resistances  of  conductors  connected  in  series  by 
Thomson  bridge  method 

Co.  is  shown  in  Fig.  5.  Several  methods  of  testing  this  potenti- 
ometer have  been  used.  On  account  of  the  low  resistance  of  the 
coils  (5  ohms)  the  resistances  of  the  posts  and  connections  intro- 
duce uncertainties  in  the  measurements  when  the  simple  bridge 
method  is  used.  In  order  to  eliminate  errors  on  account  of  these 
resistances  a  Thomson  bridge  method  has  been  used.  (See  Fig. 
6.)  In  the  figure  A  and  B  represent  variable  ratio  coils  and  X,  C, 
and  D  are  the  approximately  equal  coils  in  the  potentiometer. 
Y  is  an  auxiliary  resistance  about  equal  to  X. 


12  Here  b  is  the  old  correction  for  any  reading  s  for  which  the  new  correction  6'  is  desired  and  &1.0185 
is  the  old  correction  for  s=i.oi8s. 
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Since  A\B  =XjY  =  C/D  very  nearly  and  /  is  small  we  have 

X  +  x  =  A  Y/B ,  very  closely.  (23) 

By  shifting  the  battery  connection  from  bx  to  b2  and  rebalancing, 
the  connecting  resistance  x  can  be  determined.  By  substituting 
one  coil  after  another  in  the  bridge,  relative  values  of  the  coils 
are  obtained.  In  this  method  it  is  seen  that  the  two  adjacent 
coils  are  used  as  the  auxiliary  ratio  coils.  The  slide  wire  of  this 
potentiometer  can  not  be  measured  by  this  method  on  account 
of  the  high  and  uncertain  resistance  of  the  sliding  contact. 

X  C  D 
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Fig.  7. — Connections  for  comparing  resistances  of  conductors  connected  in  series  by 
modified  Callendar  and  Griffiths  method 

The  5 -ohm  coils  have  also  been  measured  by  means  of  the  modi- 
fied Carey-Foster  method  as  described  on  page  14  for  the  meas- 
urement of  the  1000  and  100-ohm  coils  of  the  Wolff  potentiometer. 

The  successive  ratio  method,  described  on  page  15,  and  a  modi- 
fication of  the  Callendar  and  Griffiths  bridge  method  have  been 
used  to  measure  the  relative  values  of  the  5-ohm  coils.  The  con- 
nections for  measurement  by  the  latter  method  are  shown  in 
Fig.  7.  With  a  10-ohm  coil  at  5  and  the  galvanometer  connected 
to  g  and  gx  a  balance  is  made.  The  10-ohm  coil  is  then  short-cir- 
cuited by  a  conductor  of  very  low  resistance  L,  the  galvanometer 
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connection  changed  from  g1  to  g2,  and  the  bridge  rebalanced  by  a 
change  of  the  ratio  of  A  to  B.     If  (i  4-rJ  is  the  value  of  this  ratio 


Fig.  8. — Connections  for  measuring  mean  resistance  per  division  of  slide  wire  by  Carey- 
Foster  metlwd 

in  the  first  case  and  (i  +  r\)  is  the  value  in  the  second  case,  where  rx 
and  r\  are  both  small  in  comparison  with  unity,  then  13 

(S-L)/ 


Xt- 


!(--4') 


Likewise  from  the  measurements  of  the  other  coils  we  get 


X2  = 


Xs 


(5- 

-L) 

> 

(5- 

-LX 

(-4) 
(--4) 


(24) 


(25) 


(S-L) 
Since  is  constant  these  measurements  give  the  relative 

values  of  the  coils. 

The  mean  resistance  per  division  of  the  slide  wire  has  been  meas- 
ured by  the  Carey-Foster  method  with  connections  as  shown  in 
Fig.  8.  This  measurement  gives  two  settings  on  the  slide  wire  be- 
tween which  the  resistance  is  5  —  L.  If  this  difference  is  the  same 
as  that  used  in  the  measurement  of  the  coils  in  the  main  dial,  by 

13  This  equation  (24)  is  not  exact,  but  gives  very  accurate  results  if  the  connections  are  of  low  resistance 
and  the  coils  in  the  potentiometer  are  nearly  equal  in  resistance  to  1/2  (S— L).  For  example,  if  none  of  the 
coils  differ  by  more  than  1/10  per  cent  from  1/2  (S—L)  and  the  resistance  of  connections  is  not  more  than  0.02 
ohm,  the  error  introduced  by  using  the  approximate  formula  is  less  than  1  in  100  000. 
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the  modified  Carey-Foster  method,  the  mean  resistance  per  division 
is  obtained  on  the  same  basis  as  are  the  resistances  of  the  coils  in 
the  main  dial.  In  any  case,  relative  values  can  be  obtained  by 
using  standard  resistances  of  known  values. 

Another  arrangement  is  to  make  two  settings  iooo  divisions 
apart  on  the  slide  wire  and  measure  the  resistance  between  them 
by  the  modified  Carey-Foster  method  described  above.  This 
measurement  has  been  regularly  made  along  with  the  measure- 
ment of  the  5-ohm  coils  by  the  modified  Carey-Foster  method. 

TheCallendar  and  Griffiths  method  has  been  used  to  measure  the 
mean  resistance  per  division  of  the  slide  wire.  The  connections  are 
as  shown  in  Fig.  9 .  By  balancing  with  the  ratio  connected  first  at  m 
and  then  at  n  two  settings  on  the  slide  wire  are  obtained.     Then, 
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Fig.  9. — Connections  for  comparing  mean  resistance  per  division  of  slide  wire  with  the 
resistance  of  the  first  two  5-okm  coils  of  main  dial  Callendar  and  Griffiths  method 

knowing  the  ratio  A  jB,  the  resistance  between  these  two  settings 
is  obtained  in  terms  of  the  first  two  5-ohm  coils.  Therefore  this 
method  gives  a  value  of  this  resistance  on  the  basis  on  which  the 
values  of  all  the  5-ohm  coils  are  expressed.  In  this  method  the  use 
of  auxiliary  known  standards  is  unnecessary  but  a  resistance  of 
about  5  ohms  must  be  inserted  at  Y.  The  resistance  A  must  be 
considered  as  including  all  the  resistance  from  b  to  c  (or  d) . 

That  part  of  this  resistance  from  g2  to  c  (or  d) ,  although  small,  is 
generally  unknown.  It  can,  however,  be  readily  measured  by 
changing  one  of  the  galvanometer  connections  from  gx  to  g2  and 
noting  the  change  in  the  setting  of  the  slide  wire  contact  necessary 
to  reestablish  the  balance. 
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Another  arrangement  is  to  make  two  settings  on  the  slide  wire 
iooo  divisions  apart  and  measure  the  resistance  between  them 
by  the  modified  Callendar  and  Griffiths  method  described  above. 
This  measurement  has  been  regularly  made  along  with  the  meas- 
urement of  the  5 -ohm  coils  by  the  modified  Callendar  and  Griffiths 
method. 

A  modification  of  the  Matthiessen-Hockin  method  has  also  been 
used.  A  plan  of  the  connections  is  shown  in  Fig.  10.  Two  bal- 
ances are  made,  one  with  the  battery  connected  to  b  and  2,  and 
another  at  b'  and  3.  The  balances  are  made  by  adjusting  the  posi- 
tion of  the  slide  wire  contact.  Under  these  conditions  the  following 
relation  holds : 

X=(A+a)C/B  (26) 
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10. — Connections  for  comparing  mean  resistance  per  division  of  slide  wire  with  the 
resistance  of  $-ohm  coils  of  main  dial  by  Matthiessen  and  Hockin  method 


From  the  two  readings  of  the  slide  wire  and  the  values  of  the 
first  three  5 -ohm  coils  the  mean  resistance  per  division  of  the  slide 
wire  is  calculated. 

The  mean  resistance  per  division  of  the  slide  wire  can  be  meas- 
ured in  terms  of  the  first  three  5 -ohm  coils  by  forming  the  bridge 
shown  in  Fig.  11.  Two  balances  are  made  by  adjustment  of  the 
sliding  contact.14  In  the  first  the  points  glf  b,  g,  and  b±  are  used  as 
branch  points  and  in  the  second  the  points  g\,  b',  g',  and  h\  are 
used.  If  X  is  the  resistance  of  the  slide  wire  between  the  two 
points  at  which  the  sliding  contact  must  be  set  to  establish  the  two 
balances  of  the  bridge,  then 


X  =  AC/B 
very  exactly,  if  A,  B,  and  C  are  nearly  equal. 


(27) 


14  Wenner:  Phys.  Rev.,  17,  p.  384;  1903. 
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Three  10-ohm  resistance  standards  have  also  been  used  in  con- 
junction with  the  slide  wire  and  the  first  two  5-ohm  coils  of  the 
potentiometer,  as  shown  in  Fig.  12,  where  B,  C,  and  n  represent  the 
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FlG.   11. — Connection  for  comparing  mean  resistance  per  division  of  slide  wire  with  the 
resistance  of  the  first  three  j-ohm  coils  of  the  main  dial 

10-ohm  resistance  standards.     This  arrangement  is  a  combination 
of  the  Matthiessen-Hockin  and  Thomson  bridges  and  gives 

X=(A+a)C/B  (28) 

The  resistance  r  need  not  be  known  but  should  be  between  0.1 
and  0.9  ohm  so  as  to  give  suitable  settings  on  the  slide  wire.     The 
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FlG.  12. — Connection  for  comparing  mean  resistance  per  division  of  slide  wire  with  that 
of  first  ^-ohm  coil  of  the  main  dial  using  three  nearly  equal  standard  resistances 

error  which  would  otherwise  be  introduced  on  account  of  the  re- 
sistance of  the  connection  between  A  and  B  is  made  negligibly 
small  by  using  the  coils  m  and  n  as  shown. 

The  calibration  of  the  slide  wire  of  a  potentiometer  of  the 
Crompton  type  may  be  made  by  several  different  methods.  In 
the  Carey-Foster  the  Strouhal  and  Barus,15  and  possibly  some 


15 Bull.,  U.  S.  Geol.  Sur.,  14;  1885. 
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other  methods  the  resistance  or  relative  values  of  the  resistance 
of  short  sections  of  the  wire  are  measured.  The  calibration  cor- 
rection, therefore,  at  any  point  near  the  center  depends  upon  a 
number  of  settings  and  readings  in  such  a  manner  that  its  probable 
error  is  several  times  the  probable  error  of  a  single  setting  and 
reading.  Since  we  try  to  make  the  calibration  to  an  accuracy 
as  high  as  can  be  attained  in  the  setting  and  reading  of  positions 
of  the  slide-wire  contact  such  methods  have  not  been  used. 

With  suitable  apparatus  the  Matthiessen  and  Hockin  method 
is  not  only  more  convenient  than  the  methods  mentioned  above 
but  by  its  use  the  calibration  corrections  can  be  obtained  to  the 


Fig.  13. — Arrangement  for  calibrating  slide  wire  by  Matthiessen  and  Hockin  method  using 
coils  of  main  dial 

accuracy  attainable  in  setting  and  reading  the  positions  of  the 
sliding  contact.  The  Matthiessen  and  Hockin  method  has  there- 
fore been  regularly  used  in  the  calibration  of  the  slide  wire  of 
potentiometers  of  the  Crompton  type.  Connections  as  shown 
in  Fig.  13  have  been  used  in  calibrating  at  11  points  the  slide 
wires  of  I^eeds  and  Northrup  potentiometers.  A  simple  Wheat- 
stone  bridge  is  made  up  of  the  first  eleven  5 -ohm  coils,  the  slide 
wire  and  two  resistances  m  and  n.  This  bridge  is  balanced  by 
the  adjustment  of  the  position  of  the  slide-wire  contact,  to  which 
one  battery  terminal  is  connected,  with  the  other  battery  terminal 
connected  successively  to  the  different  branch  points  between 
the  5 -ohm  coils. 
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Each  of  the  balances  gives 

Xn     A+m     A+m+Xn 


Yn     B+n    B+n+Yn 


(29) 


where  Xn  is  the  resistance  of  the  slide  wire  between  the  zero  end 
and  the  point  at  which  the  contact  is  set  and  Yn  is  the  resistance 
of  the  series  of  5-ohm  coils  between  the  terminal  g  and  the  con- 
tact b2.     Since  A  +m+XQ  and  B  +  n  +  Yn  are  constant 

XQ  =  kYn,  Xx  =  kY1}  X2  =  kY2,  X3  =  kYs,  etc.  (30) 

Since  we  know  the  relative  values  of  the  5-ohm  coils  we  can  cal- 
culate the  relative  values  of  Y\,  Y2}  Y3,  etc.  These  are  the  rela- 
tive values  of  the  resistances  of  the  slide  wire  corresponding  to  the 
various  settings  at  which  balances  were  made.  By  a  preliminary 
adjustment  of  the  resistances  m  and  n  these  settings  can  be  made 
to  occur  at  points  on  the  slide  wire  at  which  corrections  are 
desired. 

The  calibration  obtained  by  this  method  depends  upon  the  accu- 
racy of  the  setting  and  reading  of  the  position  of  the  slide  wire  con- 
tact and  the  accuracy  to  which  the  relative  values  of  the  5-ohm 
coils  are  known.  As  the  latter  are  regularly  determined  to  an 
accuracy  higher  than  the  former  can  be  made,  the  error  in  the 
calibration  at  any  point  at  which  a  balance  is  made  is  approxi- 
mately the  error  in  the  setting  and  reading  at  this  point.  In  order 
to  calibrate  the  slide  wire  at  22  points,  it  is  only  necessary  to  use 
12  coils  instead  of  11  and  arrange  a  10-ohm  resistance  so  that  it 
can  be  made  to  shunt  any  two  adjacent  coils.  By  balancing  the 
bridge,  using  the  junction  of  the  two  coils  as  a  branch  point,  the 
5  ohms  is  halved,  so  that  changes  of  2%  ohms  are  obtained. 

In  the  Leeds  and  Northrup  potentiometer  the  standard  cell  is 
balanced  across  a  resistance  consisting  of  10  of  the  5-ohm  coils  in 
the  main  dial,  an  odd-valued  coil  and  the  coils  in  the  standard  cell 
dial.  The  measurement  of  the  5-ohm  coils  has  been  considered 
above.  The  odd-valued  coil  and  the  coils  in  the  standard  cell  dial 
are  measured  by  using  the  potentiometer  connected,  as  shown  in 
Fig.  14.  The  bridge  so  formed  is  balanced  for  all  settings  of  the 
standard  cell  dial  by  adjusting  the  contact  on  the  slide  wire.     A 
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balance  is  also  made  with  the  battery  connected  to  15  instead  of 
b2.  From  the  readings  of  the  slide  wire  the  corrections  to  the  set- 
tings of  the  standard  cell  dial  readings  can  be  calculated,16  since  we 
also  know  the  resistance  between  14  and  15  and  between  1  and 
the  various  points  on  the  slide  wire  at  which  balances  are  made. 

Since  these  measurements  give  either  relative  values  of  the 
resistances  or  their  values  in  ohms  the  corrections  can  be  calculated 
in  much  the  same  manner  as  described  above  for  the  Feussner 
type  of  potentiometer. 

Provision  is  made  for  reducing  the  range  of  the  Leeds  and 
Northrup  potentiometer  by  a  shunt  and  a  series  resistance,  such 
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Fig.  14. — Arrangement  for  calibrating  standard  cell  diatby  Matthiessen  and  Hockin  method 
using  some  of  the  coils  of  the  main  dial 

that  the  current  through  the  5 -ohm  coils  and  slide  wire  is  reduced 
to  a  tenth  its  normal  value,  while  the  total  current  drawn  from 
the  battery  remains  constant.  Thus,  if  St  be  the  resistance  of 
the  potentiometer  and  &  that  of  the  shunt,  the  reduction  factor 
is  &/(&  +  &).     In  order  to  determine  the  reduction  factor,  the 

16  In  the  calculation  it  is  necessary  to  assume  that  the  points  i  and  14  are  at  the  same  potential.  These 
points  are,  therefore,  connected  together  by  a  conductor  of  low  resistance.  Also  one  battery  connection,  g, 
is  made  at  such  a  point  on  the  connection  (having  a  resistance  of  about  0.1  ohm)  between  the  Rheo.  and 
Ba— terminals  as  will  bring  the  balance  point  on  the  slide  wire  very  near  the  zero  end  when  one  terminal 
of  the  galvanometer  is  connected  at  15  instead  of  b2.  In  addition,  the  other  battery  connection  ,g\  is  made 
to  both  points  7  and  8.  With  this  arrangement,  one  step  on  the  standard  cell  dial  corresponds  to  one  num- 
bered division  on  the  slide  wire,  but  the  corrections  as  determined  depend  upon  several  readings  of  the  slide 
wire,  among  them  some  of  those  used  in  the  calibration  of  the  slide  wire.  The  accuracy,  therefore,  is  not  as 
good  as  is  sometimes  desired. 
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ratio  of  H  to  &  has  been  measured  by  a  bridge  method,  and  the 
factor  calculated.  In  measuring  this  ratio  extreme  care  must  be 
taken,  otherwise  errors  are  introduced  on  account  of  connecting 
resistances.  Where  the  reduction  factor  is  nominally  0.1,  H/& 
should  equal  1/9  and  the  compensation  resistance  0.9  H.  In  this 
case  the  reading  /  may  have  a  value  of  either  1  or  o.  1 .  In  stating 
the  corrections  the  correction  d  is  taken  as  zero  for  /  =  1 ,  therefore 
for  /—o.i, 

c*  =  io  */(*  +  *) -1  (31) 

In  "split-circuit"  or  divided-circuit  potentiometers,  if  provision 
is  made  for  opening  the  parallel  circuits,  the  relative  values  (or 
values  in  ohms)  of  the  resistance  sections  may  be  determined  by 
one  or  another  of  the  methods  described  above.  With  the  relative 
values  known  the  corrections  can  be  determined,  though  the 
calculations  are  often  much  more  complicated  than  for  potentio- 
meters of  the  Feussner  or  Crompton  type. 

From  what  has  been  said  it  will  be  evident  that  the  work 
involved  in  making  the  measurements  and  calculations  necessary 
for  determining  the  corrections  to  a  potentiometer  by  any  of  the 
methods  already  considered  is  by  no  means  small.  As  the  Bureau 
of  Standards  is  called  upon  to  test  a  number  of  potentiometers 
each  year  it  seemed  desirable,  in  order  to  reduce  the  time  required 
for  making  a  test,  to  use  a  more  direct  method  even  though  to  do 
so  might  require  the  construction  of  special  apparatus  and  some 
sacrifice  as  to  accuracy.  In  any  direct  method  the  results  obtained 
depend  not  only  upon  the  measurements  made  but  also  directly 
upon  the  calibration  of  the  apparatus  used  in  making  the  test. 
Therefore,  in  general,  the  results  can  not  be  as  accurate  as  those 
obtained  by  the  methods  discussed  above. 

4.   RATIO-SET 

A  consideration  of  the  matter  led  to  the  conclusion  that  the 
Matthiessen-Hockin  method,  with  suitable  apparatus,  would  give 
an  accuracy  sufficient  for  most  of  the  tests,  would  result  in  a  mate- 
rial saving  of  time  in  making  the  measurements,  and  could  be 
made  to  give  the  data  in  such  form  that  the  calculation  of  the 
corrections  would  require  but  a  small  amount  of  time.     It  should 
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Fig.  15. — Diagram  of  con- 
nections of  ratio-set 
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also  be  mentioned  that  according  to  this 
method  a  test  can  be  made  with  a  potentio- 
meter under  practically  operating  conditions. 
Accordingly,  apparatus  which  we  designate 
as  a  ratio-set  was  designed  for  use  according 
to  this  method.  The  apparatus  was  con- 
structed by  O.  Wolff,  of  Berlin,  and  delivered 
to  the  Bureau  of  Standards  in  the  summer  of 
1 9 1 2 .  It  has  been  found  very  satisfactory  not 
only  in  the  testing  of  potentiometers  but  in 
general  use  in  resistance  measurements. 

(A)  DESCRIPTION 

The  ratio-set  is  made  up  of  100  resistance 
coils  connected  as  shown  in  Fig.  15.  It  will 
be  seen  that  it  is  equivalent  to  a  long  slide 
wire  having  a  resistance  of  2111.1  ohms  and 
upon  which  contact  can  be  made  at  intervals 
of  0.0 1  ohm.  The  resistance  between  the 
zero  and  the  unmarked  binding  post  is  2 1 1 1 . 1 
ohms  and  is  independent  of  the  settings  of  the 
dials  while  the  resistance  between  the  zero 
terminal  and  the  galvanometer  terminal  (G) 
is  variable  in  steps  of  0.0 1  ohm  from  o  to 
21 1 1.1  ohms.  The  resistance  coils  are  made 
of  manganin  wire  and  excepting  the  0.1  and 
0.0 1 -ohm  sections  are  wound  in  a  single  layer 
on  metal  tubes.  The  0.1  and  0.01-ohm  sec- 
tions, being  made  from  short  thick  wires,  re- 
quire no  special  supports. 

The  four  double  dials  are  similar  to  the  10, 
1 ,  and  o.  1  -ohm  dials  of  the  Wolff  potentiometer 
except  that  the  usual  screws  for  making  inde- 
pendent connection  to  the  terminal  blocks  are 
replaced  by  tapered  holes.  The  100-ohm  dial 
is  a  simple  one  by  means  of  which  the  gal- 
vanometer can  be  connected  to  either  termi- 
nal of  any  100-ohm  coil.  All  of  the  dial 
switches  are  provided  with  clicking  devices 
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to  indicate  the  proper  positions.  In  Fig.  16  the  ratio-set  is  shown 
connected  to  a  Leeds  and  Northrup  potentiometer  as  it  is  used  in 
calibrating  the  potentiometer. 

(B)  CALIBRATION 

In  order  to  obtain  the  complete  calibration  of  the  ratio-set  the 
following  measurements  were  necessary:  (a)  total  resistance  for 
all  settings,  (b)  resistance  between  the  zero  and  the  galvanometer 
branch  point  for  all  settings,  and  (c)  temperature  coefficients  of 
the  coils. 

The  total  resistance  was  measured  by  a  simple  Wheatstone 
bridge  method  and  was  found  to  be  practically  independent  of  the 
settings  of  the  dial  switches.  The  maximum  variation  was  0.0014 
ohm  or  7  parts  in  10  000  000  of  the  total  resistance.  Variations 
due  to  changes  in  switch  contact  resistances  amounted  to  0.000 1 
ohm.  The  resistance  between  the  zero  and  the  galvanometer 
branch  point  for  all  settings  was  obtained  by  measuring  it  when 
the  setting  was  zero  and  adding  to  this  the  measured  changes  pro- 
duced on  changing  the  switches.  In  the  100-ohm  dial  these 
changes  are  the  actual  resistances  of  the  coils  between  branch 
points,  but  in  the  other  dials  the  changes  are  the  actual  resistances 
between  branch  points  plus  any  changes  due  to  changes  in  the 
connections  to  the  coils. 

The  100-ohm  coils  were  measured  by  the  modified  Carey- 
Foster  method.  The  connections  were  made  as  shown  in  Fig.  3a. 
By  this  method  the  resistance  between  the  post  junctions  is 
measured  in  terms  of  a  standard  resistance.  This  is  the  resist- 
ance required,  since  the  posts  are  in  the  galvanometer  circuit. 
The  10,  1,  and  0.1-ohm  coils  were  measured  by  a  substitution 
method,  using  connections  as  shown  in  Fig.  17.  With  the  switch 
as  shown  and  the  galvanometer  connected  to  glf  the  bridge  is 
balanced  by  adjusting  the  ratio  A/B.  The  resistance  in  the 
left  arm  is  5  +  p  +c 
where  S  is  the  resistance  of  the  standard, 

p  is  the  resistance  of  the  post, 
and  c  is  the  resistance  of  the  connections. 

Now  the  switch  is  shifted  to  the  dotted  position,  the  standard 
resistance  short-circuited  by  or  interchanged  with  the  link  L, 
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and  the  galvanometer  changed  to  g2.  Suppose  the  ratio  must 
be  increased  an  amount  r  in  proportional  parts  in  order  to  restore 
the  balance  of  the  bridge.     The  resistance  in  the  right  arm  is  now 

L+X+p'  +c 

where  L  is  the  resistance  of  the  short-circuiting  link, 

pr  is  the  resistance  of  the  post, 

X  is  the  resistance  of  the  coil, 
and  c  is  the  connecting  resistance  assumed  to  be  the 

same  as  before. 
From  the  two  balances  of  the  bridge  we  have 

\l  +  X+.P'+c)  =  (S+P+c)  (i+r)  (32) 

and  since  L,  p}  and  c  are  small  in  comparison  with  X  and  s,  and 
r  is  small  in  comparison  with  unity, 

X+p'-p  =  (S-L)(i+r)  (33) 

approximately.  Since  X+p'—p  is  the  amount  by  which  the 
resistance  controlled  by  the  switch  is  increased  on  changing  the 
switch  from  g2  to  glf  this  method  gives  the  resistance  with  which 
we  are  concerned  in  the  use  of  the  apparatus. 

In  the  calibration  an  effort  is  made  to  get  the  corrections 
to  0.00 1  ohm  or  0.1  step  on  the  lowest  dial.  If  care  is  taken, 
this  accuracy  can  be  obtained  with  a  good  quality  bridge  in 
measurements  of  1  ohm  and  less.  The  0.01-ohm  coils  (or  sec- 
tions) were  and  the  0.1-ohm  coils  might  have  been  measured  by 
connecting  the  center  (or  G)  and  o-terminal  to  the  X-terminals 
of  the  bridge,  and  measuring  the  resistances  corresponding  to 
all  possible  readings  of  the  0.0 1 -ohm  dial,  with  the  other  dials  so 
set  that  none  of  the  other  resistances  coils  are  included  in  the 
resistance  measured.  By  this  procedure  also  the  measured 
resistances  include  any  differences  there  may  be  in  the  resistances 
of  the  connections  to  the  coils. 

From  the  calibration  of  the  ratio-set  we  get  the  resistance 
between  the  o  and  G  posts  (branch  points  to  battery  and  galva- 
nometer) for  any  reading  of  the  ratio-set.     However,  as  used  it  is 
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only  the  relative  values  of  these  resistances  that  is  required, 
so  a  unit  is  chosen  which  makes  the  corrections  much  smaller 
than  the  corrections  necessary  to  give  the  values  in  ohms.  For 
convenience  in  use  a  table  has  been  constructed  which  gives 
the  small  correction  which  must  be  added  to  any  reading  to 
give  the  corresponding  relative  value  of  the  resistance  which  we 
designate  as  A . 

The   temperature   coefficients   of   the   coils  were  obtained  by 
repeating  the  calibration  with  the  apparatus  at  another  tempera- 


vvvwvwwwvwwwwvt 


Fig.  17.- — Arrangement  for  measuring  change  in  resistance  corresponding  to  steps  of  a 
dial  switch  of  the  ratio-set 

ture.  From  the  two  measurements  it  was  found  that  the  tem- 
perature coefficients  of  the  100-ohm  coils  were  very  nearly  equal, 
the  greatest  difference  from  the  mean  being  0.0002  per  cent  per 
degree  centigrade.  Since,  only  relative  resistances  are  required 
this  would  cause  an  error  less  than  0.000002  x  10  or  2  in  100  000 
at  a  temperature  differing  io°  C.  from  that  at  which  the  correc- 
tions were  determined. 
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(C)  USE  IN  TESTING  POTENTIOMETERS 

To  use  the  ratio-set  in  the  calibration  of  a  potentiometer  connec- 
tions are  made  as  shown  in  Fig.  18.  This  gives  us  a  Wheats  tone 
bridge,  two  arms  of  which  are  formed  by  the  ratio-set  o  G  t  and  the 
other  two  by  the  potentiometer  1  m  n  o  p  q  and  its  external  resist- 
ance R.  Suppose  that  the  correction  to  the  reading  e  is  required, 
assuming  that  when  the  potentiometer  is  in  use  the  known  elec- 
tromotive force  is  balanced  when  the  reading  was  s.  The  poten- 
tiometer is  set  so  that  the 
reading  is  s  and  the  bridge 
o  o  t  G  balanced  by  ad- 
justing the  dial  switches 
of  the  ratio-set.  Let  the 
resistance  A  of  the  ratio- 
set  be  ^4S.  Now  by  bal- 
ancing the  bridge  o  p  t  G 
(i.  e.,  with  one  galvanom- 
eter connection  changed 
from  o  to  p)  we  get  A'6. 
These  give 


POTENTIOMETER 


Re 

m    n 


Rs 


RATIO-SET 


aBa. 


Rs 


-As 
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Fig.  i8.- 


where  k  is  the  ratio  of  the 
! '  current  through  the  po ten- 

-Connections  for  calibrating  any  poientio-    tiometer  to  that  through 
meter  by  means  of  the  ratio-set  ^      ratio_set       j^t     the 

potentiometer  be  set  now  so  that  its  reading  is  e  and  two  more  bal- 
ances made,  first  using  o  m  t  and  G  as  branch  points  and  then 
using  o  n  t  and  G.  I^ec  the  corresponding  values  of  A  be  Ae  and 
A'e.     Then 

*«       ,1  (35) 

,4'e-Ae       ¥  K35' 


from  which  it  follows  that 


R*k' 
Rsk 


A' 


-Aa 


(36) 
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k'    r 
But  —  =  —  of  equation  (2)  since  R  is  the  external  resistance  as 

actually  used.     Therefore 

E    A'-Aa 


S    A'  -Aa 


(37) 


from  which  the  correction  to  the  reading  can  be  calculated  if  5  is 
known.  If  the  potentiometer  is  compensated  I'll  =  1  and  is  inde- 
pendent of  the  resistance  R  so  that  R  may  be  chosen  arbitrarily. 
It  should  be  noticed  that  this  is  the  Ma,tthiessen-Hockin  method 
of  comparing  Re  with  Rs. 

From  equations  (11)  and  (37)  we  get  that 

|=|(i+6  +  d)(e+a)=|f^  (38) 

Since  we  wish  to  have  b  zero  for  s  =  1.0185  and  d  zero  for  the  nor- 
mal range  (/  =  /<>)  we  get  by  substitution 

/o(e  +  a)  A'e-Ae 


I. OI85  A    LQ185  —  -4 1.0180 

from  which 

a     iCAWjyiSg  (39) 

/O      V^1    1.0185        ^  1.0185,/ 

By  substituting  this  in  equation  (38)  we  get  when  we  put  f=f0 
and  d  =  o 

h  _  T  1-0185  A'B-AB 


\A    1.0185         ^1.0185/ 


(40) 


The  correction  d  can  be  determined  for  any  range  by  setting  e  =  e' 
any  convenient  large  value,  $  =  1.0185  and  /  =  the  reading  of  the 
range  switch  for  which  the  correction  is  to  be  determined  and 
making  four  more  balances.  These  give  the  four  resistances  A&, 
A'e>,  i4lt0183  and  -4'1#0185  and  by  substitution  in  (38)  we  obtain 

— L  (1  +d)(e'+a')  -,/V"^  (41) 

I-Oie3  A     1.0185  _  1A.01S5 
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Now  from  equation  (39)  we  see  that 

^7¥^r?  (42) 

Jo     V/l    1.0185        ^1.0185/ 


which  when  substituted  in  (41)  gives 

1  =  QA'e'— i4e')      Oj-'i.oiss""-^^^)    /o 

(A    e'~^e'j      (A    1.0185  —^- 1.0185/     / 


(43) 


Equations  (39),  (40),  and  (43)  give  all  of  the  corrections  to  the 
potentiometer  in  terms  of  the  resistances  in  the  ratio-set  which 
are  known  from  its  readings  and  its  corrections. 

The  calibration  of  potentiometers  of  the  Crompton  type  is 
comparatively  easy.  The  total  resistance  is  constant,  the  dials 
are  independent,  and,  further,  the  resistance  between  one  end  of 
the  potentiometer  and  any  potential  terminal  is  dependent  on  the 
setting  of  only  one  dial.  Therefore  the  total  number  of  balances 
necessary  is  of  the  same  order  as  the  total  number  of  points  on 
the  dial  and  points  on  the  slide  wire  for  which  corrections  are  to 
be  determined.  From  the  preceding  discussion  it  will  be  seen 
that  if 

^'i.oiss-^i.oiss  =  ^(1.0185)  (44) 

where  u  is  approximately  a  decimal  multiple  or  submultiple  of 
ten  the  calculations  are  simplified.  In  case  of  the  Leeds  and 
Northrup  potentiometer  it  is  convenient  to  make  u  =  1000.  This 
gives 

A'  —A 

«=~^~°-<'  (45) 


and  : 


A'  —A 
b=s ! approximately  (46) 


'-JttV1  (47) 


On  the  data  sheet  is  given  a  complete  record  of  the  calibration  of 
a  Leeds  and  Northrup  potentiometer  for  all  readings  of  the  standard 

17  Equation  (47)  differs  from  equation  (43),  since  in  the  use  of  the  potentiometer  with  /=o.  1  (or  0.01 )  the 
standard  cell  is  regularly  balanced  with/=i,  so  that  A'1.0185— Ai.ois5=/I'i.oi35— .£1.0185. 
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DATA  SHEET  FOR  CALIBRATION  OF  LEEDS  AND  NORTHRUP 
POTENTIOMETER  No.  6082 


Pot'meter 
reading 

Ratio  set  readings  at— 

Relative  resistances 

Correction 

s 

0 

P 

A3 

A' s 

A's-As 

b 

< 

8 

A 

W 

u 
p 
< 

P 
< 

1.  0185 

1. 0175 
6 
7 
8 
9 

1.  0180 
1 
2 
3 
4 
5 
6 
7 
8 
9 

1.  0190 
1 
2 
3 
4 

80.08 
80.98 
.89 
.80 
.70 
.61 
.52 
.43 
.34 
.25 
.17 
.08 
79.98 
.88 
.78 
.69 
.60 
.50 
.41 
.32 
.22 

1098.  58 
1098.  58 

80 
80 

79 

80 
98 
89 
80 
70 
61 
52 
43 
34 
25 
17 
08 
98 
88 
78 
69 
60 
50 
41 
32 
22 

1098.  58 
1098.  58 

1018.  50 

1017.  60 
.69 
.78 
.88 
.97 

1018.  06 
.15 
.24 
.33 
.41 

1018.  50 
.60 
.70 
.80 
.89 
.98 

1019.  08 
.17 
.26 
.36 

±0.00000 

-  .00010 

-  .00009 

-  8 

-  8 

-  7 

-  6 

-  5 

-  4 

-  3 

-  1 
±  .00000 
±            0 
±            0 
±            0 

+        1 

+            2 
+            2 
+            3 
+            4 
+            4 

e 

m 

n 

Ae 

A'e 

A'e-Ae 

a 

.-I 

<5 
P 
% 
< 
S 

0.  00000 

.1 

.2 

.3 

.4 

.5 

.6 

.7 

.8 

.9 
1.0 
1.1 
1.2 
1.3 
1.4 
1.5 

1598. 56 
1498.  58 
1398.  59 
1298.  59 
1198.  58 
1098.  58 
998.  57 
898.  57 
798.  57 
698.  56 
598.  55 
498.  54 
398.  53 
298.  52 
198.  50 
98.48 

1598.  58 
1598.  58 

1598.  57 
1498.  58 
1398.  59 
1298.  59 
1198.  58 
1098.  58 
998.  58 
898.  57 
798.  57 
698.  56 
598.  55 
498.  54 
398.  53 
298.  52 
198.  50 
98.49 

1598.  59 
1598.  59 

1598.  59 

0.02 

100.  01 
200.  00 
300.  00 
400.  01 
500.  01 
600.  01 
700.  02 
800.  02 
900.  03 
1000.  04 
1100.  05 
1200.  06 
1300.  07 
1400.  09 
1500. 10 

+0.  00002 
+            1 
±            0 
±            0 

+        1 
+        1 
+        1 

+            2 
+            2 
+            3 
+            4 
+            5 
+            6 
+            7 
+            9 
+          10 

s 

0 

P 

A3 

A'3 

A's-As 

b 

1.  0185 

80.08 

1098.  58 

80.08 

1098.  58 

1018.  50 

+0.  00000 

t-H 

w 
p 

h-1 

e 

m 

n 

Ae 

A'e 

A'e-Ae 

a 

0.  00000 
.01 
.02 
.03 
.04 
05 
.06 
.07 
.08 
.09 
.10 

1598.  56 
1598.  56 

1598.  56 

1598.  58 
1608.  57 
1618.  57 
1628.  59 
1638.  61 
1648.  61 
1658.  59 
1668.  60 
1678.  61 
1688.  62 
1698.  60 

1598.  57 
1598.  57 

1598.  57 

1598.  59 
1608.  57 
1618.  57 
1628.  59 
1638.  61 
1648.  61 
1658.  59 
1668.  60 
1678.  61 
1688.  63 
1698.  61 

0.02 
10.00 
20.00 
30.02 
40.04 
50.04 
60.02 
70.03 
80.04 
90.06 
100.  04 

+0.  00002 
±            0 

±         o 

+            2 
+            4 
+            4 
+            2 
+            3 
+            4 
+            6 
+            4 

Factor  plug  changed,  f=.l 


A'e'-Ae' 


150.  07? 


+0.  00046 


Date,  June  2, 1914. 


Temperature,  26.4°  C. 
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cell  dial,  all  readings  of  the  main  dial,  for  1 1  points  on  the  slide 
wire  and  for  both  readings  of  the  range  plug.  The  connections 
used  in  making  this  test  were  as  shown  in  Fig.  19.  To  make  u  = 
1000  four  of  the  100-ohm  sections  of  the  ratio-set  were  short- 
circuited  and  a  resistance  of  about  0.555  onm  placed  in  series  with 
the  potentiometer.  This  series  resistance  was  easily  adjusted  so  as 
to  make  u  =  1000.00.  The  measurements  then  consisted  in  setting 
the  switches  of  the  ratio-set  so  as  to  balance  the  bridge  with  the 
potentiometer  set  at  the  readings  for  which  corrections  were 
desired.  The  calculations  indicated  by  equations  (45),  (46),  and 
(47)  are  of  such  a  simple  nature  that  the  corrections  were  obtained 


0   p    n  m 


44- 


LEEDS  AND  NORTHRUP 
POTENTIOMETER 


6~  i-O b 


Fig.  19. — Ratio-set  connected  to  Leeds  and  Northrup  potentiometer  for  calibrating  the  poten- 
tiometer. The  arrangement  is  such  that  the  corrections  are  obtained  from  the  readings 
of  the  ratio-set  with  but  very  little  calculation 

by  inspection,  comparing  the  readings  with  the  corresponding 
relative  resistances. 

It  remains  to  divide  the  reading  e  and  the  correction  a  in  two 
parts  as  pointed  out  on  page  8.  When  this  is  done  we  have  the 
values  of  alf  b}  and  d  for  all  readings  elf  s,  and  /;  and  the  values 
of  a2  for  1 1  readings  e2.  The  values  of  a2  for  other  readings  e2  may 
be  obtained  by  interpolation.  We  then  have  all  the  correction 
terms  of  equation  (16)  except  c  which  is  known  from  the  reading  s 
and  the  known  electromotive  force  of  the  standard  cell. 

In  the  calibration  of  the  Wolff  potentiometer,  the  total  resistance 
is  first  measured  at  the  various  settings  of  the  dial  switches  to 
ascertain  whether  the  potentiometer  is  compensated.  This  is 
done  by  short-circuiting  the  100  and  1000-ohm  coils  and  measuring 
the  resistance  of  the  three  lower  dials  in  a  Wheatstone  bridge. 
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As  the  resistance  measured  is  less  than  i  per  cent  of  the  total 
resistance  the  accuracy  required  in  this  measurement  is  not  high. 
The  calibration  is  then  carried  out  in  much  the  same  way  as  for 
the  Leeds  and  Northrup  potentiometer.  The  connections  used  are 
shown  in  Fig.  20.  In  this  case  to  obtain  the  corrections  most 
directly  from  the  readings  we  make  A '  t .  0185  —  A  t .  0185  =  1  o  1 8 . 5 ,  and 
since  i^.0185  =  10185  the  ratio  of  resistances  is  1  to  10,  approximately. 
To  make  the  currents  have  the  desired  ratio,  auxiliary  resistances 
of  290  and  821  ohms  are  used  as  shown.     The  observations  are 
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Fig.  20. — Ratio-set  connected  to  Wolff  potentiometer.  The  arrangement  is  such  that  the 
corrections  to  tlie  potentiometer  may  be  obtained  from  the  readings  of  the  ratio-set  by 
inspection 

made  and  the  results  tabulated  in  the  same  manner  as  was  done 
for  the  Leeds  and  Northrup  potentiometer. 

To  calibrate  one  of  the  older  Wolff  potentiometers  which  does 
not  have  a  standard  cell  dial  the  procedure  is  approximately  the 
same  as  that  just  given,  fewer  observations  being  necessary  in  this 
case.  Here  b,  the  correction  to  the  standard  cell  dial  reading,  is 
calculated  from  the  corrections  to  the  reading  e  by  use  of  the  relation 


(48) 


shown  in  the  discussion  of  the  theory  of  the  potentiometer  (equa- 
tion 18).  The  arrangement  for  testing  of  other  kinds  of  poten- 
tiometers readily  suggest  themselves,  and  it  will  be  seen  that 
any  normal-range  potentiometer  can  be  completely  calibrated  by 
means  of  the  ratio-set  if  the  maximum  resistance  in  the  potentio- 
meter between  two  potential  terminals  is  less  than  twice  the  re- 
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sistance  across  which  the  known  electromotive  force  is  balanced. 
By  a  normal-range  potentiometer  is  meant  one  in  which  the  steps 
on  the  first  dial  correspond  to  tenths  of  a  volt.  In  these  cases  ioo 
ohms  of   the  ratio-set  can  be  made  to  correspond  to  one  step 

of  the  first  dial,  and  since 
there  is  a  hundredth-ohm 
dial,  the  reading  can  be  made 
directly  to  0.0000 1  volt,  which 
is  sufficient  for  most  purposes, 
However,  with  a  good  galva- 
nometer, one  can  interpolate 
to  o.ooi  ohm,  the  ratio-set 
having  been  calibrated  to  this 
accuracy. 

(D)  OTHER  USES 

Volt  boxes  or  potential  di- 
viders are  used  in  connection 
with  potentiometers  for  meas- 
uring   electromotive    forces 

Fig.  2i.— Connections  for  determining  factor  {or    OV   voltages   above    l}4    Or    2 
ratio)  of  volt-box  or  potential-divider  bymeans   volts.       In   USe  the  terminals 


of  ratio-set 


(see  Fig.  2 1)  gt  and  g4  are  con- 


nected to  the  voltage  E  to  be  measured  while  the  g2  and  g3  are 
connected  to  the  ^-terminals  of  the  potentiometer.  If  Ef  is  the 
voltage  across  the  is -terminals  of  the  potentiometer  and  /  (i  -\-d) 
is  the  factor  of  the  volt  box 


E  =  E'f{i+d). 
From  the  figure  it  will  be  evident  that 

f(i-M)=ri+f2+f3 
or 


d  =  rAyA.\    i 


(49) 


(5o) 


(5i) 


where  /  is  the  nominal  value  or  reading  of  the  volt-box  factor  and 
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Alf  A 2,  A3,  and  A4  are  relative  resistances  of  the  ratio-set  when 
the  bridge  is  balanced  successively  with  the  galvanometer  con- 
nected to  glf  g2,  gs,  and  g4. 

The  ratio-set  is  very  useful  in  measuring  resistances  to  which 
connections  can  not  be  made  except  through  other  resistances. 


XAA-A/Wp 

OS  04 


Fig.  22. — Arrangement  for  measuring  resistances  to  which  connection  can  be  made  only 
through  other  resistances  or  resistance  of  four-terminal  conductor  by  means  of  ratio-set 

The  connections  are  made  as  shown  in  Fig.  22.     By  balancing  at 
the  four  potential  terminals  we  get  the  relation 


X  = 


A,-A 


S, 


(52) 


A*-AB 

which  gives  the  unknown  resistance  in  terms  of  the  ratio  of  the 
differences  in  readings  of  the  ratio-set  and  the  value  of  the  known 
resistance,  5. 

5.  SUMMARY 

1 .  An  analysis  is  made  of  the  relation  between  the  readings  of 
any  potentiometer  and  the  ratio  of  the  known  and  unknown 
electromotive  force. 

2.  A  convenient  way  of  stating  the  corrections  to  the  readings 
of  a  potentiometer  of  good  design  and  construction  is  given. 


4-0  Bulletin  of  the  Bureau  of  Standards  [Vol.  u 

3.  Methods    of    determining    these    corrections    by    resistance 
measurements  are  described. 

4.  A  device  for  use  in  the  calibration  of  potentiometers  is 
described  and  the  method  of  using  it  explained  and  illustrated. 

Washington,  June  10,  191 4. 


